The alpha-hemolytic Escherichia coli strain C134-73 Hly+ was primarily cytocidal to human blood monocytes and granulocytes in vitro in the presence of fresh autologous plasma. Monocytes and granulocytes underwent marked morphological changes during incubation with the bacteria, and the percentages of intact phagocytes decreased progressively with the time of incubation. The cytotoxic effect increased with the number of bacteria per phagocyte and was produced by log-phase microorganisms only. Neither free hemolysin nor free cytotoxic activity to leukocytes could be detected in the incubation medium if the bacteria were removed from the test system. Bacteria-free culture supernatants containing alpha-hemolysin were cytotoxic to monocytes, granulocytes, and lymphocytes, monocytes and granulocytes being the most sensitive. However, this effect was abolished by fresh autologous plasma. Two nonhemolytic strains, a mutant derivative of C134-73 Hly+ and strain X43, were not cytotoxic. These observations suggest that alpha-hemolysin associated with the bacterial cells may enhance the virulence of E. coli by injuring phagocytes, whereas free alphahemolysin may be of minor importance because its cytotoxic effect is neutralized by host plasma.
The production of alpha-hemolysin by some strains of Escherichia coli is regarded as a feature of virulence. Infection of various laboratory animals with alpha-hemolytic strains more frequently leads to death than infection with nonhemolytic strains (8, 12, 13, 17, 19) , and injection of culture fluid containing alpha-hemolytic activity is fatal to nonimmune animals (13, 17) . Furthermore, a large proportion of E. coli strains isolated from domestic animals with enteric disease is hemolytic (17, 18) . Similarly, strains causing extraintestinal infections in humans are more often hemolytic than are strains derived from the gastrointestinal tract of healthy persons and strains causing diarrhea in humans (6, 15, 17) .
However, the mechanism behind the increased virulence of hemolytic E. coli is not clear. It has recently been suggested that microorganisms possessing Hly plasmids may be in a better position to obtain iron for growth from lysed erythrocytes (13) . In addition, it is known that alpha-hemolysin, or a closely associated factor, is cytotoxic to cultured animal and human fibroblasts (2, 5, 6) and freshly isolated rabbit and human leukocytes (3, 9) . Kaehler et al. (11) have also shown that large numbers of organisms of an E. coli strain are cytocidal to bovine mononuclear blood cells in vitro, but neither the characteristics of the microorganism nor the effect of bacteria-free culture supernatants was reported.
During the course of a study on the phagocytosis of E. coli by monocytes, we observed that the alpha-hemolytic strain C134-73 Hly+ had a marked cytotoxic effect. The purpose of the present investigation was to examine the cytotoxic potential of strain C134-73 Hly+ and a nonhemolytic derivative of this strain on human blood leukocytes in vitro. (ii) Effect of bacteria on leukocyte morphology and distribution of leukocyte types. A 200-pl mixed leukocyte or mononuclear cell suspension (4 x 106/ml) was incubated with 200 p.1 of plasma and a 100-pI bacterial suspension (108/ml) for various periods. In addition, a 200-pLI mixed leukocyte or mononuclear cell suspension was incubated with 200 ,ul of plasma and a l00-,ul bacterial suspension of various concentrations for 30 min. In a few experiments a 25-pLI mononuclear cell suspension (3.2 x 107/ml) was incubated with 450 .1l of plasma and a 25-,ul bacterial suspension (5 x 108/ml) for 30 min. After incubation, the samples were diluted with 1 ml of MEM and placed on ice. Cytospins for microscopy were prepared by cytocentrifugation at 22 x g (Cytospin: Shandon). and the cells were stained with Wright stain. Cells on some of the cytospins were also stained for nonspecific esterase (10) .
(iii) Effect of bacteria-free culture supernatants on leukocytes. A 25-plI mixed leukocyte or mononuclear cell suspension (3.2 x 107!ml) and 475 p.1 of supernatant of various dilutions were incubated for 30 min, and cytospins were prepared as described above. Counting of cells. In the viability tests 100 to 200 leukocytes were counted. Differential counts were carried out on at least 500 leukocytes in each cytospin preparation. Cells with broken nuclear or cytoplasmic membrane or both were recorded as broken cells. The results were not subjected to statistical treatment because of clear-cut differences.
RESULTS
Effect of bacteria on viability of leukocytes. Monocytes were most rapidly killed by strain C134-73 Hly+ (Table 1) . After incubation for 30 min, 47% of these phagocytes were viable, whereas after 60 min only 6% were viable. The apparent increase in the percentage of viable monocytes after 120 min was due to the destruction and complete disappearance of a proportion of the monocytes which was present after 60 min. After incubation for 120 min with strain C134-73 Hly or without bacteria, 71 and 86%, respectively, of the monocytes were viable. Granulocytes also suffered a substantial loss of viability on incubation with the alpha-hemolytic bacteria (Table 1) . After incubation for 30, 60, and 120 min, 95, 64, and 30%, respectively, of these phagocytes were viable. Only a slight reduction in the percentage of viable granulocytes after incubation with strain C134-73 Hlywas seen. Lymphocytes were quite resistant. A total of 84% were viable after incubation for 120 min with the hemolytic microorganism. Mononuclear cells showed a sensitivity between that of monocytes and lymphocytes ( Table 1) .
Effect of bacteria on morphology of leukocytes. Monocytes incubated with the alpha-hemolytic E. coli strain C134-73 Hly+ underwent marked morphological changes. These comprised loss of the granular and reticular appearance of the cytoplasm, disappearance of the ruffled border, and rounding up of the cells and their nuclei ( Fig. 1) . Finally, the nuclear and plasma membrane disintegrated. Degranulated monocytes with rounded up nuclei and plasma membranes without ruffling could be difficult to distinguish from lymphocytes in Wright-stained preparations. However, staining for nonspecific esterase showed a diffuse reaction throughout the cytoplasm of these cells, identifying them as monocytes. The morphological changes were visible after incubation for 10 min and reached a maximum after 20 to 30 min. Monocytes incubated with the nonhemolytic strains C134-73 Hly-and X43 or without bacteria showed no such changes (Fig. 2 and 3) .
The morphology of granulocytes also changed on incubation with strain C134-73 Hly+. The cytoplasm became almost completely degranulated and the lobes of the nuclei swelled. Finally, the nuclear and cytoplasmic membrane disintegrated. The changes were conspicuous after incubation for 10 min and were at a maximum after 20 to 30 min. A minor degree of degranulation was seen in granulocytes incubated with the nonhemolytic strains.
Only a few lymphocytes showed evidence of injury after incubation with strain C134-73 Hly+, and even after 120 min most of these cells were morphologically unaffected.
Effect of bacteria on distribution of leukocyte types. Differential counts revealed a loss of intact monocytes in preparations of mononuclear cells incubated with the alpha-hemolytic E. coli, whereas the reduction in the proportion of monocytes in preparations of mononuclear cells incubated with the nonhemolytic strains was similar to that of cells incubated without bacteria. The percentage of monocytes decreased with the time of incubation (Fig. 4) . During the first 20 min the frequency of these cells fell from 35 to <5% and was further reduced on continued incubation. In addition, the toxic effect of strain C134-73 Hly+ was dose dependent, the percentage of monocytes decreasing with increase in the number of bacteria per monocyte (Fig. 5) . Maximum cytotoxicity was reached at a monocyte/ bacteria ratio of 1:50. Furthermore, the toxic activity of strain C134-73 Hly+ was dependent on the age of the bacterial culture. Log-phase organisms obtained after growth for 2 h in ox heart infusion broth were toxic, whereas organisms from 24-h cultures were not. Analogous experiments with incubation of mixed leukocytes together with log-phase organisms of the hemolytic strain showed a similar time-and dose-dependent reduction in the percentage of intact granulocytes, which decreased from 52 to <5% during the first 20 min (data not shown).
The cytotoxic effect of strain C134-73 Hly+ also resulted in a high frequency of broken cells. In cytospins of mononuclear cells incubated with the alpha-hemolytic strain the percentage rose from <2 at time zero to 25% after 120 min (monocyte/bacteria ratio, 1:50). In preparations of cells incubated for 120 min with strain C134-73 Hly-or without bacteria the maximum percentage of broken cells demonstrated was 3%.
No reduction in the cytotoxicity of the hemolytic bacteria was observed in experiments in which the volume of plasma in the test system was increased to 90%.
Effect of culture supernatants on leukocyte morphology and distribution of leukocyte types. Incubation of mixed leukocytes or mononuclear cells for 30 min in bacteria-free culture supernatants containing alpha-hemolysin led to toxic changes in monocytes, granulocytes, and lymphocytes similar to those described above. The effect was dose dependent, undiluted supernatants causing destruction of almost all cells in both populations and the percentage of broken cells decreasing with increasing dilution (Table  2) . Monocytes and granulocytes were more sensitive than lymphocytes to the action of these supernatants. The hemolytic activity decreased more rapidly than the leucocytotoxic activity on dilution of culture supernatants containing alpha-hemolysin.
The hemolytic power and the leucocytotoxic effect were completely abolished by the addition of 50% fresh autologous plasma and by heating of culture supernatants at 56°C for 1 h or 100°C INFECT. IMMUN. (7) (1) It has been shown that the viability of rabbit and human leukocytes decreases after exposure to free alpha-hemolysin in vitro (3, 9) . The effect on human cells takes place within a few minutes and can be blocked by rabbit antiserum to the toxin (3) . Recently it has been demonstrated that free alpha-hemolysin inhibits the ability of human leukocytes to phagocytose and to undergo chemotaxis (4) . We have confirmed that bacteria-free culture supernatants containing alphahemolysin can destroy human blood leukocytes. In addition, we found that monocytes and granulocytes are more sensitive than lymphocytes to the action offree alpha-hemolysin. However, we have also demonstrated that the cytotoxic activity of free alpha-hemolysin can be completely blocked by fresh autologous plasma. This suggests that free alpha-hemolysin does not play an important pathogenic role in in vivo infections caused by alpha-hemolytic E. coli as the effect of the toxin may be neutralized by naturally occurring inhibitors in the plasma. Smith (17) found that all of 80 healthy adult animals of eight species, including humans, had anti-alpha-hemolysin in their blood plasma. In addition, he observed that the concentration of anti-hemolysin in different species was directly related to the numbers and kind of E. coli usually present in the alimentary tract. Species which usually have large numbers of E. coli and a high frequency of hemolytic strains of this microorganism in their alimentary tract had high titers of anti-hemolysin. Species which infrequently harbor E. coli bacteria had low titers of anti-alpha-hemolysin in their blood. It is not known whether the naturally occurring anti-alpha-hemolysin is an immunoglobulin.
The main part of our in vitro experiments was designed to simulate the in vivo situation; i.e., we incubated freshly isolated blood leukocytes with log-phase microorganisms in fresh autologous plasma. Under these experimental conditions, the toxic activity was associated with the alpha-hemolytic microorganisms themselves be-0 C 134-73, HLY + (14) E C 134-73, HLY -I 1:1 NO BACTERIA
